We present magnetic stray field measurements performed on a single micro-crystal of the half metallic ferromagnet CrO2, covered by a naturally grown 2 -5 nm surface layer of antiferromagnetic (AFM) Cr2O3. The temperature variation of the stray field of the micro-crystal measured by micro-Hall magnetometry shows an anomalous increase below ∼ 60 K. We find clear evidence that this behavior is due to the influence of the AFM surface layer, which could not be isolated in the corresponding bulk magnetization data measured using SQUID magnetometry. The distribution of pinning potentials, analyzed from Barkhausen jumps, exhibits a similar temperature dependence. Overall, the results indicate that the surface layer plays a role in defining the potential landscape seen by the domain configuration in the ferromagnetic grain.
In the modern age of fast and miniaturized electronics, as Moore's law is set to be rattled [1] , the use of the electron's spin degree of freedom in multifunctional devices has been the focus of current research as it is expected to lead to a dramatic improvement of device capability and performance. Both the control and manipulation of electron spins and search for new materials with high spin polarization, preferably at room temperature (RT), have attracted considerable interest of researchers in recent years. Apart from dilute ferromagnetic (FM) semiconductors where the Curie temperature is still below RT [2] , the search is on to discover other new materials with high spin polarization, improved spin life times, etc. [3] . The binary oxide material CrO 2 is well known in data storage technology where it has been used successfully in magnetic recording tapes. The material, which is a half-metallic ferromagnet with T C ≈ 395 K, has attracted renewed interest as an important material for spintronics applications as it exhibits spin polarization of ∼ 100% at low temperatures [4, 5] . In the recent years, several attempts have been made to understand the electronic transport and magnetic behavior of this material, see, e.g., Refs. [6] [7] [8] [9] [10] [11] [12] [13] . It is well known that the metastable character of CrO 2 leads to surface decomposition forming Cr 2 O 3 or Cr 2 O 5 , which are electrically insulating and AFM with bulk T N ∼ 307 K and ∼ 125 K, respectively [15] . It has been observed that polycrystalline CrO 2 material with such insulating AFM grain boundaries exhibit enhanced low-field magnetoresistance (MR) properties compared to single crystals of pure CrO 2 [6, 12] . Recently, by using a different route for synthesis, Bajpai et al. have synthesized CrO 2 grains of larger size as compared to the commercially available ones exhibiting much improved MR close to RT [12, 16, 17] . It was observed that the MR of such polycrystalline samples is sensitive to the nature of the insulating surface magnetic layer [12] . Thus, a detailed understanding of the magnetotransport behavior of polycrystalline CrO 2 requires a thorough investigation of its magnetic properties which may be influenced by the AFM surface layer.
Such CrO 2 micro-crystals have shown many novel effects arising from the FM/AFM interface, such as enhanced magnetoresistance, a strong temperature dependent magnetoelectric effect, an unusual field dependence of remanent magnetization, etc. [7, 18, 19] . However, it should be noted that all these measurements were performed on bulk pellets consisting of an assembly of such micro-crystals (or grains) oriented in random directions. While bulk magnetization measurements on such pellets were performed using conventional SQUID magnetometers, micro-Hall magnetometry on a single micro-crystal picked from the same pellet provides a unique opportunity to study and compare the magnetization mechanism (domain wall dynamics) of a bulk sample to its constituent single entities. The results on a micro-crystal do not suffer from averaging effects. Therefore, in this work we have aimed for investigating a single micro-crystal of CrO 2 , with a thin polycrystalline Cr 2 O 3 surface layer. We find a pronounced increase of the sample's magnetic signal at low temperatures (T T C ), which we demonstrate being an effect of magnetic interaction with the AFM Cr 2 O 3 surface layer.
The single CrO 2 micro-crystal used in the present study was picked from a granular sample, synthesized by the procedure described in Ref. [16] . The microcrystal has dimensions of approximately 7×1.2×0.5 µm 3 and has a 2 -5 nm thin surface layer of Cr 2 O 3 which is polycrystalline in nature, as seen in Transmission Electron Microscopy measurements, reported in [18] . The measurements of pure Cr 2 O 3 were performed on polycrystalline powders procured from Sigma Aldrich Co. For the magnetic measurements of the rod-shaped CrO 2 micro-crystal, the stray field emanating from one end of the crystal was measured utilizing a micro-Hall device based on a two-dimensional electron gas (2DEG) formed at the interface of a GaAs/AlGaAs heterostructure. Hall crosses of dimensions 5 × 5 µm 2 were prepared using standard photolithography followed by chemical wet etching [13] . The measurements were performed with the external magnetic field (µ 0 H ext ) applied parallel to the current (for details, see the schematic diagram in the inset of Fig. 1 ) so that the measured Hall voltage is only due to the z-component of the average stray field B z emanating from the sample. For the CrO 2 micro-crystal, this direction is along the long axis, which is also the easy magnetization direction (EMD), i.e., along the [001] crystallographic direction. Thus, the total anisotropy in the present case consists of both shape and magnetocrystalline anisotropy. A small contribution of the external field due to the misalignment (angle ∼ 2
• ) of the field with respect to the plane of the Hall-device can be accounted for by measuring an empty reference cross. The measured Hall voltage ∆V H , where the background has been subtracted, can be converted to the stray field B z averaged over the active area of the Hall sensor from the knowledge of the Hall coefficient at the corresponding temperatures. Our previously published analysis of the magnetic state and domain configuration of the micro-crystal showed that the magnetization reversal takes place due to the motion of a single cross-tie domain wall [13, 14] . The measurements on bulk pellets of granular CrO 2 and pure Cr 2 O 3 , respectively, were carried out using a commercial SQUID magnetometer. Figure 1 shows the B z vs. H ext isotherms of the CrO 2 micro-crystal for temperatures 20 K -80 K. For two temperatures, the field is shown up to 1 T, the ideal saturation for the pure CrO 2 phase [7, 12] . The data show an unusual temperature dependence of B z for T T C with B z rapidly increasing at low temperatures. In addition to this, we also observe that B z at lower temperatures exhibits a finite slope (indicating non-saturation) in the otherwise saturated regime. Note that the data shown in Fig. 1 were corrected for background Hall voltage which is linear in field. Thus, the slope in B z , in the saturated regime of pure CrO 2 appears to be a characteristic for the micro-crystal.
To further understand this behavior of the microcrystal, we have carried out continuous temperature sweeps while measuring the Hall signal for µ 0 H ext = 0.1 T and 1 T. In this case also, a simultaneous measurement of the background Hall signal was carried out on an empty reference cross which was subtracted from the measured data. Figure 2(a) shows the temperature variation of this background corrected Hall signal. For both values of the external field, we observe a clear increase of the magnetic signal deviating from Bloch's T 3/2 behavior (shown by the dashed line) below about 60 K. Surprisingly, this anomaly is not observed in the corresponding SQUID measurements for bulk samples (in pellet form), when measured in the field range of 1 T (cf. inset of Fig. 2(b) ). However, as shown in Fig. 2(b) , measurements in a very low field of 1 mT exhibit a similar anomaly at ∼ 60 K. The effect appears to be strongly history dependent. We observe that for the bulk sample, the magnetization as a function of temperature exhibits Bloch's T 3/2 behavior (see inset of Fig. 2(b) ) in the above-mentioned temperature range, for all fields above ∼ 5 mT [12] in contrast to the data obtained from a single micro-crystal.
Measurements of pure Cr 2 O 3 exhibit a similar increase of the magnetization M at low temperatures (see Fig. 2(c) ). Thus, we find a qualitatively similar functional form of the magnetic signal at low temperatures for both the single CrO 2 micro-crystal with Cr 2 O 3 surface layer and pure Cr 2 O 3 phase. The comparison of the corresponding experimental data indicates that the functional form of CrO 2 at low temperatures is influenced by the presence of the AFM Cr 2 O 3 surface layer. While this effect is subtle and is seen only in the very low field regime for randomly-oriented grains in bulk pellets, the measurements on single grain reveal the influence of the AFM layer which is robust in nature up in fields of 1 T. As the coercivity of CrO 2 is ∼ 1.5 -5 mT [8, 13, 16] , Tdependent bulk measurements of pellets using SQUID in this small field range may show the effective average behavior of only those grains EMDs of which lie along the field direction. Therefore, the data from bulk pellets obtained in such small fields exhibit similar behavior as the single grain measured using micro-Hall magnetometry. For larger external field, the signal due to all the randomly oriented grains with both easy and hard magnetization directions along the external field leads to a complicated average magnetic signal where the contribution of the AFM surface layer is suppressed. Additionally, an AFM phase is known to exhibit non-saturating behavior in M -H measurements [12, 20] . In the present case, the influence of the AFM surface layer is also reflected in the field sweep measurements where the magnetic signal increases linearly up to the measured field of 1 T. The AFM surface layer around the FM micro-crystal may pin the surface FM spins, resulting in a non saturating slope in the FM saturation regime. However, we note here that we do not observe any systematic exchange bias effect which may be very small as a result of a much larger underlying FM CrO 2 layer and comparatively similar anisotropy energies. The values for K 1 = 1.3 -6 × 10 5 erg/cm 3 and 2 × 10 5 erg/cm 3 , respectively, are reported for CrO 2 and Cr 2 O 3 in literature [13, 21] .
Next, we discuss the analysis of stochastic Barkhausen jumps (see inset of Fig. 1 and Ref. [13] ), due to the motion of a single DW, observed in the data obtained by sweeping the field at a slow rate of 1 mT/min. A statistical analysis of these jumps in magnetic signal, particularly due to the motion of a single DW, gives a reasonable picture of the distribution of pinning centers which characterize the potential landscape seen by the DW. In this respect, an analysis of the distribution of the jumps and their temperature dependence is very useful to understand the nature and behavior of the pinning potentials.
In Fig. 3 , we plot the sum of the amplitudes of all the individual Barkhausen jumps, observed at both grain ends, at different temperatures. Note that we measured the magnetic signal simultaneously at both ends and observed correlated Barkhausen jumps due to the motion of a single DW [13] . From the main panel of the figure, it is evident that the distance covered (i.e., the sum of the amplitudes of the individual jumps) by the DW by means of Barkhausen jumps decreases with increasing temperature following a pattern very similar to that observed for the total magnetic signal (cf. Fig. 2) . Strikingly, the similarity in the temperature-dependent behavior is also evident in the total number of jumps (which is ideally equal to the total number of pinning centers) varying as a function of temperature (see inset of Fig. 3 ). These observations indicate that the AFM spins at the interface may play an important role in defining the potential landscape seen by the DW. Thus, this analysis is consistent with our observation that the magnetic behavior of CrO 2 is significantly influenced by the AFM surface layer.
In conclusion, we demonstrate here that the microHall magnetometry can be used as a powerful method to extract information from measurements of a single magnetic entity which may otherwise be not evident from bulk measurements. From measurements of a single micro-crystal of CrO 2 with a 2 -5 nm thin AFM surface layer of Cr 2 O 3 , we observe a robust signature of an unusual increase of the magnetic signal below T ∼ 60 K T C . For polycrystalline bulk samples measured using SQUID magnetometry, the effect is observed only for measurements which are carried out in very small fields below ∼ 5 mT. Comparison of the micro-Hall magnetometry data obtained from individual micro-crystals of CrO 2 with that of pure Cr 2 O 3 indicates that the apparent increase in M at low temperatures is influenced by the Cr 2 O 3 surface layer. This underlines the important role played by the thin AFM layer on FM CrO 2 and should be taken in to account when analyzing the magnetotransport behavior of highly spin polarized CrO 2 .
